We present new constraints on sub-GeV dark matter and dark photons from the electron beamdump experiment E137 conducted at SLAC in [1980][1981][1982]. Dark matter interacting with electrons (e.g., via a dark photon) could have been produced in the electron-target collisions and scattered off electrons in the E137 detector, producing the striking, zero-background signature of a high-energy electromagnetic shower that points back to the beam dump. E137 probes new and significant ranges of parameter space, and constrains the well-motivated possibility that invisibly decaying dark photons can explain the ∼ 3.6σ discrepancy between the measured and SM value of the muon anomalous magnetic moment. It also restricts the parameter space in which the relic density of dark matter in these models is obtained from thermal freeze-out. E137 also convincingly demonstrates that (cosmic) backgrounds can be controlled and thus serves as a powerful proof-of-principle for future beam-dump searches for sub-GeV dark matter scattering off electrons in the detector.
We present new constraints on sub-GeV dark matter and dark photons from the electron beamdump experiment E137 conducted at SLAC in 1980-1982. Dark matter interacting with electrons (e.g., via a dark photon) could have been produced in the electron-target collisions and scattered off electrons in the E137 detector, producing the striking, zero-background signature of a high-energy electromagnetic shower that points back to the beam dump. E137 probes new and significant ranges of parameter space, and constrains the well-motivated possibility that invisibly decaying dark photons can explain the ∼ 3.6σ discrepancy between the measured and SM value of the muon anomalous magnetic moment. It also restricts the parameter space in which the relic density of dark matter in these models is obtained from thermal freeze-out. E137 also convincingly demonstrates that (cosmic) backgrounds can be controlled and thus serves as a powerful proof-of-principle for future beam-dump searches for sub-GeV dark matter scattering off electrons in the detector.
INTRODUCTION. Dark matter (DM) with mass below ∼ 1 GeV and interacting with Standard Model (SM) particles through a light mediator is a viable and natural possibility consistent with all known data (see e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ). High-intensity fixed-target experiments have impressive sensitivity to such light DM [3] . The basic experimental strategy begins with the production of a relativistic DM beam out of electron or proton collisions with a fixed target, followed by detection via DM scattering in a detector positioned downstream of the target. The prospects of proton fixed-target experiments, including several ongoing neutrino oscillation experiments, have been investigated in [3, [13] [14] [15] [16] , and the MiniBooNE experiment at FNAL is presently conducting the first dedicated search [17] . More recently, the potential of electron beam-dump experiments has been explored [18] [19] [20] [15]. These proposals complement the ongoing efforts to probe sub-GeV DM with low-energy e + e − colliders [21] and direct detection experiments via DM-electron scattering [4, 9, 22] , as well as broader efforts to search for low-mass dark sectors that are weakly coupled to the SM [23, 24] . MODELS. We focus on a motivated class of DM models based on a new 'dark' gauge symmetry, U(1) D [25] [26] [27] , although our discussion applies to any scenario in which DM interacts with electrons. In this framework, the DM χ is charged under U(1) D , which is kinetically mixed with the SM hypercharge, U(1) Y , allowing for DM interactions with the SM [28, 29] . If the U(1) D is spontaneously broken, its gauge boson (the 'dark photon' A ) is massive. The low energy effective Lagrangian is
where 
is expected if the mixing is generated by a one-(two-)loop interaction [5, 28] . In the mass basis (obtained after an appropriate field redefinition in (1)), a small coupling of the A to the electromagnetic current, L ⊃ − eA µ eJ µ EM , is induced. We will consider m A in the MeV to 10 GeV mass range and m χ 50 MeV. Over much of this mass range the A provides a one-loop contribution to the muon anomalous magnetic moment, a µ ≡ (g − 2) µ , that can account for the ∼ 3.6σ discrepancy between its measured and SM value [31] [32] [33] . Various terrestrial, astrophysical, and cosmological tests constrain the scenario (1) [23] . We will describe the relevant ones below.
We emphasize that while (1) is an excellent benchmark scenario for sub-GeV DM coupled to a light mediator, one can easily envision simple extensions or modifications (e.g. leptophilic DM) to which our discussion is also applicable [34] . We will comment on these in the results section below and discuss how they affect the E137 and various other constraints. SLAC EXPERIMENT E137. The SLAC experiment E137 [30] searched for neutral metastable particles produced when a 20 GeV electron beam impacted a set of aluminum plates interlaced with cooling water. The particles produced at the beam dump needed to traverse 179 m of shielding (provided by a hill) before reaching a 204 m long open decay region followed by a detector (see Fig. 1 , top). The E137 detector is an 8-radiation length electromagnetic shower calorimeter that can detect electrons, positrons, or photons produced by the hypothetical particles coming from the dump. Two experimental runs were performed. The lateral dimensions of the detector were 2m × 3m during Run 1 (∼ 10 C), and 3m × 3m in Run 2 (∼ 20 C). The detector employed multiwire proportional chambers to achieve superb angular resolution, rendering it sensitive to directional information that was crucial in eliminating (cosmic) background. The original analysis in [30] searched for axion-like particles decaying to e + e − , or photinos decaying to a photon and gravitino. No events were observed that passed quality cuts, pointed back to the dump, and had a shower energy above 1 GeV, placing strong limits on axions/photinos. In [35] , the results were used to set strong constraints on the visible decay A → e + e − .
Here, we will use the E137 results to set strong constraints on sub-GeV DM, χ, see Fig. 1 (middle and bottom). We focus on scenarios where χ's are produced from an on-shell A that decays invisibly to χχ or via an off-shell A . Such χ inherit a significant portion of the beam energy and travel in the extreme-forward direction; an O(1) of them thus intersect the E137 detector and can scatter with electrons in the calorimeter material. The ejected electrons will initiate an energetic electromagnetic shower of the type constrained by the E137 search. With no observed events, and conservatively assuming no expected background events, we employ a Poisson 95% C.L. limit of N 95 = 3 events. Below, we shall calculate the number of signal events for a fixed m χ as function of m A , , and α D , and derive bounds in this parameter space by requiring less than 3 events. SIGNAL RATE CALCULATION. We use MadGraph5 aMC@NLO v2.1.1 [36] to simulate DM production in electron-aluminum nucleus collisions,
where N is a nucleus with Z = 13, A = 27), and to calculate the total production cross section, σ χχ (we checked all our numerical results against analytic formulas [18, 35, 37] ). We include the form factor of the aluminum nucleus [35, 37] , which accounts for coherent scattering, as well as nuclear and atomic screening. The model (1) is implemented using FeynRules 2.0 [38] . We take the thickness of the target to be one radiation length, a reasonable approximation that accounts for beam degradation [18, 35] . The total number of χ produced is then
where N e = 30 C, X Al = 24.3 g cm −2 , N A is Avogadro's number, and A Al = 26.98 g/mol.
The fraction of χ that intersect the detector, acc , is calculated by selecting χ that are produced with angles tan θ x < ∆x/L and tan θ y < ∆y/L transverse to the beam direction, where L = 383 m, ∆x = 1.5 m, and ∆y = 1 m (1.5 m) for Run 1 (2). The angular distribution of scalars χ produced through an A is suppressed along the forward direction, which results in a lower acc compared to fermionic χ [14, 18] . We then take the energy distribution of the DM particles crossing the detector, 
where the subscripts f, s stand for fermion and scalar χ, respectively, f f (E e ) = 2m e E χ − m e E e + m 2 χ + 2m 2 e , f s = 2m e E χ + m 2 χ , and E e is the recoil electron energy. To conform to the E137 signal region, we impose E e > E th = 1 GeV and θ e > 30 mrad, where θ e is the angle of the scattered electron, to obtain σ cut χe . The number of expected signal events is then given by
where n det,i (L det,i ) denotes the e − number density (length) of detector sub-layer i. To pass the trigger, χ must scatter in the first five layers. Each layer consists of two sub-layers: 1 cm of plastic scintillator (n det = 4×10 23 cm −3 ), and 1.8 cm of Al (n det = 2.2×10 24 cm −3 ) in Run 1, or 8.9 cm of Fe (7.8 × 10 23 cm −3 ) in Run 2. We sum over both runs, weighting by the appropriate fraction of electrons dumped in each run. RESULTS AND DISCUSSION. Fig. 2 (top left) shows the constraints in the versus m A plane from E137 
FIG. 2. Top left:
Constraints (95% C.L.) in the − m A plane for dark photons A decaying invisibly to light DM χ, with mχ < 0.5 MeV. The SLAC E137 experiment excludes a Dirac fermion (red shading/red solid line) or complex scalar (red long dashed) DM. We fix αD = 0.1 and assume an electron recoil threshold energy of E th = 1 GeV in the E137 detector (for comparison, the red dotted line shows E th = 3 GeV for a fermionic χ). Also shown are constraints from the anomalous magnetic moment of the electron (ae, 2σ, blue dashed) and muon (aµ, 5σ, dark green dashed), and a light-green dashed region in which the A explains the aµ discrepancy. Other model-dependent constraints (see text for details), arise from LSND (yellow solid), SLAC mQ experiment (cyan solid), BABAR (blue dotted), and BNL E787 and E949 (brown dotted). The inset focuses on m A = 100 − 300 MeV. Top right and Bottom left: Same as top left but for mχ = 10 MeV and 50 MeV, respectively. Above the black solid line, the thermal relic abundance of a scalar χ satisfies Ωχ ≤ ΩDM; the region above the blue solid line is excluded if χ can scatter off electrons in the XENON10 experiment, assuming χ makes up all the DM; the light gray regions/dotted lines are excluded from searches for A → e + e − (if this mode is available for m A < 2mχ) in E141, E774, Orsay, HADES, or A1. Bottom right: 95% C.L. upper limits on αD as a function of m A for a Dirac fermion χ, assuming is fixed to the smallest value consistent with explaining the aµ anomaly. The E137 constraint is shown for mχ < 0.5 MeV (red shading/solid line) and for mχ = 10, 50 MeV (dashed red), while the remaining constraints are only shown for mχ < 0.5 MeV. The solid gray curve represents the transition between A → χχ and A → visible decays.
(red region/lines) on the U(1) D sub-GeV DM model (1), assuming χ is produced in the decay of an on-shell A . The top right and bottom left also show m χ = 10 MeV and 50 MeV, respectively, where the χ are produced through off-(on-)shell A for m A < 2m χ (m A ≥ 2m χ ). We set α D = 0.1, and note that the limit on scales as α
) in the on-(off-)shell case. We show fermionic and scalar χ with E th = 1 GeV (red solid and long-dashed, respectively), as well as fermionic χ with E th = 3 GeV (red dash-dotted); this demonstrates that the result is only mildly sensitive to E th .
It is clear that E137 disfavors a significant and large region in parameter space, probing well into the range favored by two-loop GUT mixing up to m A ∼ 100 MeV. In addition, the A region favored by the a µ anomaly [33] is significantly constrained from E137 alone. Of course, the a µ region remains open for small enough α D . In the bottom right of Fig. 2 we thus show the upper limit on α D versus m A , assuming is fixed to be the smallest value that can explain the a µ anomaly at 2σ. The constraints on α D are significant, especially for small m χ .
Several other important constraints exist in the −m A plane. While all of these constraints apply to the simplest U(1) D model defined by (1), most of them can be evaded in more general models, as we will now describe. An important limit comes from a e (blue dashed, same as in [21] , see also [33, 39, 40] ) and a µ (5σ, dark green dashed). A more model-dependent limit on A → χχ arises from a BABAR search for e + e − → γ + invisible [41] , which currently sets the strongest constraint above a few hundred MeV (light blue) [18, 21] ; improvements from Belle 2 (not shown) can be expected if a mono-photon trigger is implemented [21] . A search by BNL's E787 and E949 for K → π + invisible [42, 43] also constrains A → χχ in K → π + A (brown) [17] ; improvements would be possible with future searches for rare Kaon decays (not shown) [21, 44] . Prospects from fixed-target experiments like DarkLight [45, 46] and VEPP-3 [47] that are sensitive to invisibly-decaying A are not shown. While the BABAR , BNL, DarkLight, and VEPP-3 limits/prospects are independent of α D , they can be evaded if the Dirac fermion or complex scalar χ is split into two states χ 1 and χ 2 with m χ2 > m χ1 + 2m e ; in this case the decay χ 2 → χ 1 A ( * ) → χ 1 e + e − could be prompt and change the observed signal [20] . A careful investigation of this signal in E137 is beyond the scope of this letter [34] , but for small-enough mass splittings it will remain largely unchanged: the resulting beam of χ 1 produced at the dump will recoil against an electron and up-scatter to χ 2 in the E137 detector. Even for larger splittings, the χ 1 could scatter off detector nuclei into χ 2 [20] , with the resulting decay χ 2 → χ 1 e + e − visible in E137. However, a search for γe + e − + invisible by BABAR or πe + e − + invisible by the BNL experiments would be able to set constraints on this scenario. The BNL constraints can also be evaded if the mediator (not an A ) does not couple to quarks.
The SLAC Millicharge ("mQ") experiment [48] (cyan solid [19] ) sets a constraint if χ interacts with both electrons and quarks. The χ production is similar to E137, but the detection occurs via χ scattering coherently off nuclei. The number of detected χ depends sensitively on the detector threshold, but could be a factor of few larger than in E137; since the existing analysis [48] has not been optimized to reduce the relevant backgrounds, the resulting limit is weaker than from E137, which is background free. A reanalysis of the SLAC mQ data may improve the constraint [19] , but further study is required to determine if it can surpass E137.
The Liquid Scintillator Neutrino Detector (LSND) sets a strong constraint (yellow region/solid line) if χ interacts with both electrons and quarks (as it would for an A , but not for e.g. a leptophilic mediator). Here χ is produced through the cascade decays of neutral pions produced in the proton-target collisions, π 0 → γA , A → χχ, and detected via its scattering with electrons. The resulting constraints are stronger than those from E137 for m A < m π 0 , assuming the A decay is on-shell [13, 49] . For m χ > m π 0 /2 (not shown), the LSND limits from π 0 decays disappear, while those from E137 still remain.
In Fig. 2 top right and bottom left, a scalar χ satisfies Ω χ ≤ Ω DM above the black line. The annihilation cross section for χχ * → A * → e + e − is p-wave suppressed at late times [1, 6, 13] , allowing it to evade strong constraints from the Cosmic Microwave Background [50] and gamma-ray searches [51] . This is perhaps the simplest model that can account for the cosmic DM abundance, and E137 constrains previously allowed parameter regions of this motivated scenario. We also show a blue solid line above which χ would be disfavored from an analysis [22] done with a published XENON10 result [52] . Such χ could scatter off atomic electrons, leading to single-or few-electron events that XENON10 could have detected. (This constraint can be evaded if e.g. χ does not constitute all the DM or if it is split into two states with a large enough mass splitting.) Finally, we show in light gray regions/gray dotted lines those areas that have been excluded for searches for the visible decays A → e + e − [35, [53] [54] [55] [56] [57] [58] [59] [60] , which is an available mode for m A < 2m χ in the simplest U(1) D model. This mode also competes with A → χχ for α D below the solid gray line in the bottom right of Fig. 2 .
In summary, E137 is a powerful proof-of-principle that additional beam dump searches for DM recoiling off electrons at Jefferson Lab or elsewhere can be successful in mitigating backgrounds. It sets significant and unique constraints on sub-GeV DM coupled to a light mediator. 
